Background: The acute sensitivity of some hybridoma cell lines to culture-related stresses severely limits their productivity. Recent developments in the characterization of the stress signals modulating the cellular phenotype revealed that the pro-apoptotic transcription factor Gadd153 could be used as a marker to facilitate the optimization of mammalian cell cultures. In this report, we analyzed the expression of Gadd153 in Sp2/0-Ag14 murine hybridoma cells grown in stationary batch culture and subjected to two different culture optimization paradigms: L-glutamine supplementation and ectopic expression of Bcl-xL, an anti-apoptotic gene.
Background
Mammalian cell lines provide several advantages over other cellular systems for the production of recombinant proteins, most notably the correct processing and modification of mammalian proteins [1] . Unfortunately, several mammalian cell lines undergo apoptotic death upon exposure to stresses originating from large scale cultures (nutrient starvation, hypoxia, shear stress, osmotic stress), severely limiting their productivity [2] . Therefore, substantial efforts have been made in the past few years to devise strategies that reduce the loss of cell viability and increase the productive life of the cells. This includes 1) culture supplementation with limiting nutrients [3] and 2) cellular engineering by transfecting cell lines with cDNA molecules encoding anti-apoptotic proteins (e.g. Bcl-2 family proteins) [4] .
Recent efforts have also focused on the characterization of the stress-induced signaling pathways leading to changes in the cellular phenotype [5, 6] . Of particular interest is the identification of stress-related markers that would facilitate the optimization of mammalian cell culture processes. One such promising marker is Gadd153, a basic domain-leucine zipper (bZip) transcription factor of the C/EBP family [7] . A pro-apoptotic protein, Gadd153 has been shown to be up-regulated by several stresses found in large scale cultures, such as amino acid or glucose starvation [8, 9] , endoplasmic reticulum stress [10] , osmotic stress [11] and hypoxia [12] . Gadd153 mRNA and protein levels are increased during the decline phase of NS0 [13] and CHO cultures [14] , and nutrient supplementation is sufficient to decrease Gadd153 expression and improve cell survival in batch culture [13, 14] . While its involvement in the induction of apoptosis in NS0 cultures has recently been disputed [15] , the tight regulation of Gadd153 by culture-related stresses makes it a promising indicator of culture health.
The mouse hybridoma Sp2/0-Ag14 (Sp2/0) cell line offers several advantages for studying the regulation of hybridoma cell viability. Firstly, this cell line is acutely sensitive to culture-related stresses. In particular, Sp2/0 cells rapidly undergo apoptosis after 4 days of stationary batch culture due to L-glutamine depletion [16] . Thus, the viability of Sp2/0 cells can be greatly improved by L-glutamine supplementation on culture day 4 [16] . Secondly, Sp2/0 cells express low levels of the anti-apoptotic proteins Bcl-xL and Bcl-2 [17] . This makes this cell line readily amenable to cellular engineering experiments involving the ectopic expression of these anti-apoptotic proteins [16, 18] .
In this report, we studied the regulation of Gadd153 in wild type Sp2/0 cells and in Sp2/0 cells overexpressing Bcl-xL. Our results show that, while Gadd153 is tightly regulated by L-glutamine in both cell lines, Gadd153 protein levels remained low after L-glutamine supplementation, even as cell viability progressively decreased. Furthermore, reducing Gadd153 levels by L-glutamine supplementation in the Bcl-xL-expressing cell line did not impact on cell viability. This indicates that the usefulness of Gadd153 as a marker of the health of mammalian cell cultures is limited.
Results

Gadd153 is induced in declining Sp2/0 cultures
We first analyzed the regulation of Gadd153 protein levels in Sp2/0 cells grown under stationary batch culture conditions. Gadd153 expression was very low during the first 4 days of culture, which corresponded to the lag and exponential phases of cell growth (Fig. 1A and 1B) . However, Gadd153 protein levels increased sharply on culture day 5, correlating with a precipitous decline in cell viability.
These data indicate that, because of the acute increase in its expression in the declining phase of Sp2/0 cultures, Gadd153 might be used as an indicator to monitor the health of growing Sp2/0 cells.
Modulation of Gadd153 expression by L-glutamine supplementation
For Gadd153 to be useful to monitor the stress level of hybridoma cultures, its expression must be responsive to strategies that improve cell viability. Therefore, we investigated the impact of L-glutamine supplementation on the expression of Gadd153 in Sp2/0 stationary batch cultures. In agreement with our previous observations [16] , Lglutamine supplementation on culture day 4 markedly prolonged the viability of Sp2/0 cells, while the addition of PBS did not influence cell behavior ( Fig, 2A and 2B ). As expected, PBS supplementation did not prevent the increase in Gadd153 mRNA (Fig. 2C ) or protein levels (Fig. 2D) . However, supplementing the culture with Lglutamine on day 4 greatly reduced the induction of Gadd153 both at the mRNA (Fig. 2C ) and protein levels ( glutamine-supplemented culture on day 10, even as the number of viable cells progressively decreased. For example, while the number of viable cells on day 5 in the control culture and on day 8 in the L-glutaminesupplemented sample is similar, Gadd153 proteins levels are high in the former and very low in the latter ( Fig. 2D  and 2E ). These data indicate that, while Gadd153 expression correlates quite well with the health of the control Sp2/0 batch culture, its utility as a marker of cell stress is lost upon L-glutamine supplementation.
Bcl-xL overexpression delays Gadd153 induction in batch cultures of Sp2/0 cells
The viability of Sp2/0 cultures can also be improved by the ectopic expression of the anti-apoptotic protein Bcl-xL [16, 18] . We therefore tested the effect of Bcl-xL expression on the induction of Gadd153 in Sp2/0 batch cultures. Western blot analysis revealed that the Bcl-xL-transfected cells expressed much higher levels of the protein than the wild type or vector-transfected controls (Fig, 3A) . In agreement with our previously published data [16, 18] , the BclxL overexpressing cells grew at a slower rate than the control, and their viability was also extended (Fig, 3B and  3C ). Batch cultures of the vector-transfected control showed an increase in Gadd153 protein levels that was indistinguishable from the wild type Sp2/0 cells (compare Fig. 3D with Fig. 1B) . Interestingly, the up-regulation of Gadd153 was delayed by one day in the Bcl-xL-transfected cells (Fig. 3E) . As observed for the control cultures, the increased expression of Gadd153 in the Bcl-xL-Sp2/0 transfectants occurred as cell viability started to decline. Therefore, Gadd153 can be used to monitor the improvement of culture health attributable to ectopic Bcl-xL expression in Sp2/0 hybridomas. 
Effect of L-glutamine supplementation on the expression of Gadd153
L-glutamine supplementation prevents the induction of Gadd153 in Bcl-xL-Sp2/0 cells in the absence of improvement in culture health
We next investigated the expression of Gadd153 upon Lglutamine supplementation of Bcl-xL-Sp2/0 cultures. Lglutamine supplementation on culture day 4 lead to a significant increase in cell viability for the pTEJ8-Sp2/0 control cell line ( Fig. 4A and 4B) . Moreover, as observed for the wild type Sp2/0 cultures, L-glutamine addition severely blunted the increase in Gadd153 protein levels seen in the PBS-treated control (Fig, 4C and 4D ). On the other hand, and in agreement with our previous observations [16] , L-glutamine supplementation did not significantly increase cell viability in the Bcl-xL-transfected cells compared to the PBS-treated sample ( Fig. 4A and 4B) . However, L-glutamine addition did blunt the induction of Gadd153 protein in the Bcl-xL-Sp2/0 cells, while the culture treated with PBS showed an up-regulation of Gadd153 (Fig, 4E and 4F) . Therefore, significant differences in Gadd153 levels were found in the L-glutamineor PBS-treated Bcl-xl-Sp2/0 cultures even though cell viability was not different. Finally, and similar to our observations with the wild type Sp2/0 (Fig. 2) , Gadd153 expression remained low in the L-glutamine-treated pTEJ8-and Bcl-xL-transfected cells, even as the number of viable cells progressively decreased (Fig, 4D and 4F) . Thus, Gadd153 protein levels do not necessarily correlate with viability in cells transfected with Bcl-xL.
Discussion
The optimization of mammalian cell culture processes would greatly benefit from the availability of a cellular marker that would 1) accurately reflect the health of the culture and 2) respond to strategies aimed at improving cell viability. Because its expression is induced by several stresses encountered during the large scale culture of mammalian cells, the pro-apoptotic transcription factor Gadd153 was recently proposed to be an indicator of apoptosis occurring in cell cultures [13, 14] .
To validate the suitability of Gadd153 as a stress marker for hybridomas, we studied its expression in Sp2/0 cells. Even though it does not secrete immunoglobulins [19] , its high sensitivity to culture-related stresses and its low expression of the anti-apoptotic genes Bcl-2 and Bcl-xL make the Sp2/0 cell line a useful model for the study of optimization strategies aimed at improving cell viability. Monitoring the expression of Gadd153 in Sp2/0 cells grown under stationary batch culture conditions, we observed that both Gadd153 protein and RNA levels were markedly increased during the decline phase of the culture ( Figs. 1 and 2 ). This is in line with previous studies [13, 14] and confirm that, in batch culture, Gadd153 expression inversely correlates with Sp2/0 cell viability. These data also suggest that approaches based on the use of the Gadd153 promoter to induce the regulated expression of a gene of interest [20] should be applicable to the Sp2/0 cell model.
We also examined the regulation of Gadd153 under two conditions known to improve the behavior of the Sp2/0 cell line in batch culture: L-glutamine supplementation and the ectopic expression of Bcl-xL. We observed that Gadd153 mRNA and protein levels were significantly decreased in Sp2/0 cultures supplemented with Lglutamine (Fig. 2) . A similar effect was also seen when BclxL-overexpressing Sp2/0 cultures were supplemented with L-glutamine (Fig. 4) . This response of Gadd153 is not surprising, considering that Gadd153 has been shown previously to be induced by amino acid starvation [8] , that Lglutamine is the major limiting nutrient in Sp2/0 cells grown in stationary batch cultures [16] , and that Lglutamine potently represses Gadd153 expression [21] . Thus, our results confirm those of Lengwehasatit and Dickson with the NS0 myeloma [13] and Murphy et al. in CHO cells [14] that Gadd153 expression is responsive to nutrient supplementation in a cell line of biotechnological interest.
Our data also revealed that the reduction in Gadd153 protein expression upon L-glutamine-supplementation persisted for the rest of the culture period, even as cell viability continued to decrease. This indicates that supplementing the culture with L-glutamine at the peak of Sp2/ 0 cell viability is sufficient to override further increases in Gadd153 protein levels, whatever the nature of the stresses leading to the loss of Sp2/0 cell viability. This phenomenon was not observed in other studies involving batch cultures because of the nature of the experimental design. Effectively, while Murphy et al. [14] limited their analysis of Gadd153 expression to 6 h after feeding, Lengwehasatit and Dickson [13] did a more thorough analysis of Gadd153 expression over several days of batch culture, but performed repeated nutrient supplementations during the culture period. Thus, our data indicate that while the expression of Gadd153 correlates well with the health of Sp2/0 cells in batch culture, it loses its utility as a stress marker upon supplementing the culture with Lglutamine. The cause of this lack of response of Gadd153 to the declining health of the L-glutamine-supplemented Sp2/0 cell culture remains unknown. An interesting possibility is that other stresses, such as the accumulation of lactate or ammonia, which are known to contribute to the reduction in hybridoma cell viability in stationary batch culture, interfere with the modulation of the expression of Gadd153.
We extended our studies to the use of Sp2/0 cells engineered to express high levels of the anti-apoptotic protein Bcl-xL. This manipulation was shown previously to significantly improve the behavior of Sp2/0 cells in batch culture [16, 18] . Interestingly, the ectopic expression of Bcl-xL significantly prolonged Sp2/0 cell viability, which was accompanied by a delay in the increase in expression of Gadd153. However, L-glutamine-supplementation of the Bcl-xL-Sp2/0 cultures lead to a sustained decrease in Gadd153 protein expression in the absence of any benefit regarding cell viability. Because engineering mammalian cells to ectopically express anti-apoptotic genes is a major strategy for the improvement of cell lines of biotechnological importance [4] , our results indicate that care should be taken when selecting Gadd153 protein expression as an indicator of the improvement in cell viability achieved with these approaches.
Conclusion
The pro-apoptotic protein Gadd153 is acutely up-regulated by several stresses encountered during the large scale culture of mammalian cells. As such, its use as an indicator of cell stress can facilitate the optimization of cell cultures. However, our data highlight important limitations to the use of Gadd153 as a stress marker in mammalian batch cultures. Whether these limitations will be encountered in other cell lines or when other feeding mixtures or culture optimization strategies are used remains to be determined.
Methods
Reagents
Unless stated otherwise, all reagents were from SigmaAldrich (Oakville, ON). L-glutamine was prepared fresh as 200 mM stock solutions in phosphate buffered saline (PBS: 9.1 mM Na 2 HPO 4 , 1.7 mM NaH 2 PO 4 , 150 mM NaCl, pH 7.4) and adjusted to pH 7.2.
Cell culture
Sp2/0 murine hybridoma cells were obtained from the American Type Culture Collection (Rockville, MD) and cultured in Iscove's Modified Dulbecco's Media (IMDM) supplemented with 5% Fetal Clone (Hyclone, Logan, UT), 100 U/mL penicillin, 100 µg/mL streptomycin and 4 mM L-glutamine (hereafter referred to as complete IMDM). The pTEJ8-and pTEJ8-Bcl-xL-transfected Sp2/0 cells were described previously [18] and were cultured in complete IMDM supplemented with 750 µg/mL G-418. Cell culture was performed at 37°C under a humidified atmosphere of 5% CO 2 .
Stationary batch culture and nutrient supplementation was done as described [16] . Briefly, exponentially growing Sp2/0 cells were centrifuged (500 × g, 10 min), washed once with warm PBS, and resuspended in complete IMDM at a concentration of 5 × 10 4 cells/mL. Samples were then taken at the indicated time intervals for the determination of cell viability using the trypan blue dye exclusion assay, and for total RNA and protein isolation. Culture supplementation with L-glutamine (4 mM final concentration) was done at the day where the maximal number of viable cells was observed in the controlled cultures, which is on culture day 4 for wild type Sp2/0 and pTEJ8-Sp2/0 cells and day 5 for the Bcl-xL-Sp2/0 transfectants [16] .
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA isolation was performed as previously described [22] . Reverse transcription (RT) was carried out using conventional methods [23] in the presence of 1 µg RNA, 0.63 pmol/µL random hexamers (Canadian Life Technologies, Burlington ON), and 0.025 U/µL of Murine Moloney Leukemia Virus (M-MLV) reverse transcriptase (Canadian Life Technologies). For semi-quantitative polymerase chain reaction (PCR), cDNA dilutions were prepared so that all the samples yielded a comparable glyceraldehyde-3 phosphate dehydrogenase (GAPDH) signal upon amplification. PCR was done using a PTC-100HB thermocycler (MJ Research Inc., Waltham, MA) with the following cycling parameters: 5 cycles of touchdown PCR (95°C for 1 min, 65°C-1°C/cycle for 1 min, 68°C for 1 min) followed by 25 cycles of amplification (95°C for 1 min, 60°C for 1 min and 68°C for 1 min). The following primers pairs were used: GAPDH (Genebank: NM 008084): 5' ATGGTGAAGGTCGGTGTGAACGGA 3' (sense primer) and 5' TTACTCCTTGGAGGCCATGTAGGC 3' (antisense primer); Gadd153 (Genebank X67083): 5' ATGGCAGCTGAGTCCCTGCCT 3' (sense primer) and 5 ' TCACATGCTTGGCGCTGGCGC 3' (antisense primer). Samples were taken at cycles 21, 24, 27 and 30, and the amplicons were analyzed by agarose gel electrophoresis and ethidium bromide staining.
Immunoblot analysis
Protein extracts were prepared using a urea-based lysis buffer (62.5 mM Tris-HCl, pH 6.8, 6 M urea, 10% glycerol, 2% SDS, 0.00125% bromophenol blue, 5% 2-mercaptoethanol), according to a procedure described by Shah et al. [24] . Proteins were separated by SDS-PAGE and transferred onto Hybond P membranes (GE Healthcare, Baie d'Urfé, QC). Transfer efficiency was routinely monitored by staining the membrane with Ponceau S. Immunoblotting was done by first blocking the membrane for 1 h at room temperature in Blotto (5% non fat dried milk in 0.02 M Tris-HCl, 0.14 M NaCl, 0.1% Tween 20, pH 7.6). The membrane was then incubated (1 h, room temperature) with the following primary antibodies (Santa Cruz Biotechnology Inc, Santa Cruz, CA) diluted in blotto: mouse monoclonal GADD153 antibody (clone B3, 1/200 dilution) and rabbit polyclonal Hsp60 antibody (1/2000 dilution). Detection of Hsp60 was performed to ensure equal protein loading of the wells. Detection by chemiluminescence was done by incubating the membrane for 1 h at room temperature with the appropriate secondary antibodies coupled to horseradish peroxidase (diluted 1/ 5000 in blotto) followed by the ChemiGlow reagent (Alpha Innotech, San Leandro, CA). Data acquisition was done with the Fluorchem 8000 Image Analysis System (Alpha Innotech).
Statistical analysis
Statistical significance was determined using a one-way analysis of variance and Scheffe's post-hoc test.
